Increased Vulnerability to Atrial Fibrillation in Transgenic Mice With Selective Atrial Fibrosis Caused by Overexpression of TGF-␤1
A trial fibrillation (AF) is a commonly occurring arrhythmia, present in Ϸ5% of people older than age 65 years. Clinically, increased vulnerability to AF is also associated with underlying heart disease, such as congestive heart failure (CHF) and mitral valve disease. 1 Increased inducibility of AF has been observed in animal models of aging, 2,3 CHF, 4 atrial tachycardia-induced cardiomyopathy, 5, 6 and chronic atrial dilatation caused by mitral regurgitation. 7 Theoretical models have implicated atrial interstitial fibrosis as a substrate for AF. 8, 9 Atrial interstitial fibrosis increases with age in humans and has been observed in patients with AF 10, 11 and in animal models of aging, 2,3 mitral regurgitation, 7 and CHF. 4 With the unknown cause of atrial fibrosis in humans and the presence of compounding factors in animal models, the contribution of atrial fibrosis to AF substrate formation remains unclear. Studies to date have been limited by lack of animal models of selective atrial fibrosis to study the effects of fibrosis without the presence of heart failure or other underlying heart disease.
The purpose of this study was to determine the effect of atrial fibrosis on the AF vulnerability. We have studied a transgenic mouse model with cardiac overexpression of a constitutively active form of transforming growth factor (TGF)-␤1, MHC-TGFcys 33 ser. 12 This model has been previously demonstrated to have elevated TGF-␤1 activity in the atria and ventricles. Cardiac development and morphology appear normal, except for increased interstitial fibrosis in the atrial myocardium. Ventricular size and histology is normal. 12 We have used this model to study the impact of selective atrial fibrosis on cardiac electrophysiology and the substrate of atrial arrhythmias.
Studies on Intact Mice
Electrophysiology studies were performed as previously described. 13 Urethane (2 g/kg) was injected intraperitoneally for anesthesia. After reflexes had disappeared, mice were fixed to a temperature-regulated operating table. Platinum electrodes were inserted subcutaneously in the limbs and connected to a custom-built electrocardiogram (ECG) amplifier for a standard 6-lead ECG. The trachea was incised and a cannula was inserted, connected to a rodent ventilator (Palmer Ltd.), set to 130 cycles per minute with a tidal volume of Ϸ0.5 mL, limited to 5 mL water pressure. For atrial stimulation, a 4-French quadripolar catheter was advanced through the esophagus and placed at the site with the lowest threshold for atrial capture.
To measure the atrial effective refractory period (AERP) in a subgroup of 13 Wt and 10 Tx mice, the chest was opened in a V-shape from the xiphoid processus to the front legs. Atrial recording electrodes were made of 0.03 mm MP35N wire (Fort Wayne Metals, Fort Wayne Ind), bent at the tip to form a small hook. After opening the pericardium, a closely spaced electrode pair was attached to the myocardium at the RA.
Programmed Electrical Stimulation
Transesophageal stimulation electrodes were connected to a TrueType-Logic triggered stimulus isolation unit with variable current output. A stimulus amplitude of 1.5ϫ diastolic capture threshold was used, with a stimulus duration of 1 ms.
Sinus node recovery time (SNRT) was measured after a 2-second pacing train with a basic cycle length (BCL) of 100 ms. The SNRT was defined as the interval between the last stimulus in the pacing train and the onset of first sinus return beat. The Wenckebach period (WCL) was determined by applying 2-second pacing trains with variable BCL. The atrial and atrioventricular nodal effective refractory periods (AERP and AVERP] were determined with a 2-second pacing train with a BCL of 100 ms, followed after a variable delay by an extrastimulus.
Inducibility of atrial arrhythmias was tested by applying 2-second bursts, using the automated stimulator that was part of the data acquisition software. The first 2-second burst had a cycle length (CL) of 40 ms, decreasing in each successive burst with a 2-ms decrement down to a CL of 20 ms. This series of bursts was repeated once. AF was defined as a period of rapid irregular atrial rhythm lasting at least 2 seconds. If 1 or more bursts in the 2 series of bursts evoked an AF episode, AF was considered to be inducible in that animal; otherwise, AF was considered to be noninducible.
Studies on Langendorff Perfused Hearts
After intraperitoneal injection of heparin (0.5 U/g) and urethane (2 mg/g), hearts from 7 Wt and 7 Tx mice were rapidly excised and placed in a tissue chamber at 36°CϮ1°C. The aorta was cannulated for retrograde perfusion at a pressure of 80 cm H 2 0 with modified Tyrode solution (in mmol/L: NaCl 130, NaHCO 3 24, NaH 2 PO 4 1.2, MgCl 2 1, glucose 5.6, KCl 4.0, CaCl 2 1.8, gassed with 95% O 2 /5% CO 2 ). Two chlorinated silver wires were placed in the bath as indifferent and common ground electrodes. Atrial unipolar electrograms were recorded using a 1.2ϫ1.2-mm array of 4ϫ4 unipolar recording electrodes with a pair of stimulation electrodes at the side of the array. The electrode array was pressed against the RA or LA surface, covering a large portion of the anterior aspect of the atrial appendage and free wall. During normal sinus rhythm, the maximum duration of electrograms was measured. Atrial conduction was assessed during continuous pacing with 1 of the bipolar stimulus pairs at BCLs 150, 120, 90, and 60 ms at a stimulus amplitude of 1.5ϫ diastolic threshold and a stimulus duration of 1 ms. At the same BCLs, AERP was determined with a 2-second drive train, followed by a variable delay by an extrastimulus.
Histology
Whole hearts from 7 Tx and 7 Wt were mounted in tissue freezing medium (Triangle Biomedical Science, Durham, NC). Cryosections (5 m) were fixed with formalin and stained with either Sirius red/fast green or Masson trichrome. Images were digitized using a Spot camera (Diagnostics Instruments). To quantify collagen deposition, red pixel content of digitized photos was measured relative the total tissue area (red and green pixels) using Adobe Photoshop 7 software.
Microelectrode Studies
In 5 mice in each group, microelectrode recordings were made in the left atrium (LA) and right atrium (RA). After excision of the heart, the ventricle was removed beneath the atrioventricular ring. The atrium was pinned down with the endocardial side up in a tissue bath. Modified Tyrode solution was superfused at 36°CϮ1°C. Glass microelectrodes with a resistance of 15 to 40 M⍀ were filled with 3 mol/L KCl. Impalements were made on the endocardium of the appendage and free wall of both atria during pacing with a bipolar stimulation electrode with a pulse duration of 1 ms at a BCL of 150 ms. Microelectrode signals were recorded using a Duo 773 amplifier (WPI, Sarasota, Fla). The maximum upstroke velocity of action potential (V max ), resting membrane potential, and the action potential durations (APDs) at 30%, 60%, and 90% repolarization (APD 30 , APD 60 , APD 90 ) were measured off-line.
Data Sampling and Analysis
For open-chest experiments, signals from the ECG recorder and differential amplifiers were filtered at 500 Hz and sampled at 1 kHz using a 1401-Plus AD/DA converter (Cambridge Electronic Design Ltd). Data sampling, programmed electrical stimulation, and off-line analysis were controlled by custom-made software in Spike2 language (Cambridge Electronic Design Ltd). In measurements of atrial conduction, unipolar signals were bandpass-filtered at 0.1 Hz to 5 kHz using 2 Iso-DAM8 amplifiers (World Precision Instruments, Sarasota, Fla) and sampled at 8 kHz using a Gould ACQ-16 data acquisition interface.
To assess atrial conduction properties in Langendorff perfused hearts, activation time points were determined at each of the 16 electrodes as the point of maximal negative dV/dt. Activation, vector, and phase maps were constructed from these activation time points using custom-made software. Conduction vectors were used to calculate the average conduction velocity in the recording location. For phase maps, the difference in activation time point between an electrode and its neighboring electrodes was divided by the interelectrode distance to yield the phase, in ms/mm, for each electrode. 4, 14 The "heterogeneity range" was defined as the difference between the maximal and minimal phase within a phase map. The "heterogeneity index" was defined as the heterogeneity range divided by the median phase of the phase map.
Data were analyzed with a multivariate ANOVA and post hoc Newman-Keuls test, and values of PϽ0.05 were considered statistically significant. Data are represented as meanϮSD unless mentioned otherwise.
Results

Surface ECG
Conventional 6-lead ECGs were recorded in anesthetized intact mice. Figure 1 depicts representative examples of an ECG in a Wt mouse ( Figure 1A ) and Tx mouse ( Figure 1B) . The most striking difference in surfaces ECG was the reduced P-wave amplitude in Tx mice. In lead aVR, a lead with a negative consistently monophasic P-wave, the average P-wave amplitude was 1.14Ϯ0.03 mV for Wt mice and 0.083Ϯ0.02 mV for Tx mice (PϽ0.01). Other surface ECG parameters are summarized in Figure 1C . The P duration, PQ interval, RR interval, QRS and QT durations, and QRS morphology in Wt and Tx were not significantly different between Wt and Tx mice.
Open Chest Experiments
Transesophageal stimulation was used to determine the SNRT, AVERP, WCL, and inducibility of atrial arrhythmias. In a subgroup of the study population, epicardial-recording electrodes were attached to the RA to determine AERP.
Examples of transesophageal electrical stimulation protocols are shown in Figure 2A (SNRT) and Figure 2B (WCL). As shown in Figure 2C , the AERP, AVERP, and WCL were not significantly different between Wt and Tx mice. However, the corrected SNRT (CSNRT) was significantly shorter in Tx mice compared with Wt (CSNRTϭSNRTϪsinus cycle length [SCL] ).
Spontaneous episodes of AF were not observed in any of the Wt or Tx mice during experiments on intact mice. However, with transesophageal burst pacing of the LA, episodes of AF could be induced in some Tx mice. Figure 3A shows an example of a Tx mouse in which 2-second transesophageal burst evoked an episode of AF, which spontaneously converted to sinus rhythm after 5 seconds. AF was defined as an episode of rapid irregular atrial rhythm lasting Ͼ2 seconds. In 14 of 29 Tx mice (48%), AF could be induced but it could not be induced in any of the 28 Wt mice tested ( 2 , PϽ0.01). Mean AF episode duration in Tx mice with inducible AF was 12Ϯ27 seconds. In a number of mice, a bipolar atrial electrogram was recorded during AF. Figure 3B shows examples of atrial electrograms in 2 Tx mice. During the arrhythmic episode, atrial activity was rapid and irregular, characteristic of AF.
Histology
Masson trichrome staining of whole-heart sections confirms that morphologically, Tx hearts ( Figure 4A and 4C, respectively) were normal and did not show atrial dilatation. Overexpression of TGF-␤1 in this Tx leads to increased fibrosis in the atrium, but not in the ventricle, as reported earlier. 12 At high magnification ( Figure 4B and 4D) , it was apparent that the increase in fibrosis was more pronounced in the Tx RA than in Tx LA. To quantify the extent of atrial fibrosis, the relative area of fibrosis was calculated from atria of 7 Wt and 7 Tx mice stained with Sirius Red. The area occupied by fibrosis was 12.9%Ϯ4.7% in the Wt RA, 11.1%Ϯ2.4% in the Wt LA, 50.4%Ϯ14.2% in the Tx RA and 30.6%Ϯ5.9% in the Tx LA. These numbers were significantly different for Wt RA versus Tx RA (PϽ0.005), for Wt LA versus Tx LA (PϽ0.005), and for Tx RA versus Tx LA (PϽ0.01). Between adjacent myocytes in Tx atria, the gap junction proteins Cx40 and Cx43 were still abundantly expressed at levels comparable to Wt atria (see online data supplement at http://circres.ahajournals.org). 
Atrial Conduction in Perfused Hearts
Atrial conduction in Wt and Tx mice was further investigated using a 4ϫ4 array of unipolar extracellular electrodes ( Figure  5A ) in Langendorff perfused hearts. Compared with the Wt, electrograms in the Tx RA and LA had lower amplitudes ( Figure 5B ). Whereas the duration of unipolar electrograms was similar for the Wt and Tx RA, electrograms in the Tx LA were significantly prolonged compared with the Wt LA ( Figure 5C ). In addition, fragmented electrograms were frequently observed in the Tx LA ( Figure 5B , arrow).
AERP was determined at a number of BCLs using bipolar stimulation at the side of the array. The AERP did not show dependence on the BCL in either Wt or Tx over the range tested. In both the RA and LA, AERPs were not significantly different between Wt and Tx mice at any BCL ( Figure 6A) .
From the activation time points at the recording electrodes, conduction vector maps were constructed to calculate the average conduction velocity in the recording area. At all BCLs investigated, CV in the Tx RA was significantly lower than in the Wt RA ( Figure 6B, left panel) . In the Tx LA, CV was not significantly different from CV in the Wt LA ( Figure  6B , right panel). The wavelength (WL), calculated as the product of AERP and CV in each mouse, was not significantly different in Tx RA and Tx LA compared with Wt ( Figure 6C ).
Activation maps of the Wt RA and LA displayed homogeneous conduction ( Figure 7A ). In contrast, the Tx atria showed areas of local isochrone crowding, particularly in the LA ( Figure 7A, last panel) . Conduction heterogeneity was further assessed using the distribution of phase differences in the recorded areas. The heterogeneity range, the range between maximal and minimal phase differences within recording locations, a measure for absolute heterogeneity, was not significantly different between Wt RA and Tx RA ( Figure  7B, left panel) . However, the heterogeneity range was significantly higher than in the Wt LA compared with the Tx LA at all BCLs investigated ( Figure 7B, right panel) . The "heterogeneity index" (the "heterogeneity range" divided by the median phase), a measure for relative heterogeneity within recording locations, was not significantly different between Wt RA and Tx RA ( Figure 7C , left panel) but was significantly higher in the Tx LA compared with the Wt LA ( Figure  7C , right panel).
Microelectrode Recordings
Representative microelectrode recordings from Wt and Tx mice are shown in Figure 8 for the RA and LA. There were 
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no systematic differences in action potential shapes between Wt and Tx. The resting membrane potential, action potential amplitude, maximum upstroke velocity (V max ), and action potential duration at 30%, 60%, and 90% repolarization (APD 30 , APD 60 , and APD 90 ) of the Tx did not significantly differ from those of the Wt in both atria ( Figure 8C ).
Discussion
In recent years, several mouse models with increased inducibility of atrial tachyarrhythmias have been described. Several studies have reported an increased vulnerability for AF in response to administration of cholinergic agonists in normal mice, 15, 16 and in 1 study, AF could be induced in normal mice without pharmacological intervention. 17 In mice lacking the gap junction protein connexin40, atrial conduction velocity was decreased and episodes of AF could be evoked by atrial burst pacing. 13, 18 The present study demonstrates that increased atrial fibrosis in mice leads to vulnerability to AF. These studies illustrate that, despite its small size, the mouse atrium can be used successfully to study the basic mechanisms of AF substrate formation. Previously, overexpression of constitutively active TGF-␤1 has been shown to cause selective atrial fibrosis in a transgenic mouse model. 12 In this study, we investigate the physiologic consequences of this fibrosis and show that inducibility of AF is strongly increased. The absence of spontaneous AF episodes suggests that although some substrate for AF is present in Tx mice, initiating triggers do not occur frequently.
Apart from increased atrial fibrosis, Tx hearts appear anatomically and histologically normal. Surface ECGs also showed little indication of structural heart disease in the ventricle or conduction system; no significant differences between Wt and Tx were found in SCL, PQ interval, QRS duration and morphology, and QT time. The P-wave duration was not significantly different between Wt and Tx. However, the P-wave amplitude was significantly reduced in the Tx. The reduction in P-wave amplitude on surface ECGs and in electrogram amplitude in epicardial recordings may reflect a reduction in the amount of excitable atrial tissue as a result of replacement fibrosis: fewer remaining myocytes would mean less atrial excitable mass and therefore a decrease in voltage generated during the P wave.
The lack of difference in PQ interval, AVERP, and WCL suggests that the AV node was not implicated in the fibrotic process and that atrial fibrosis did not affect AV nodal inputs. However, in Tx mice, the CSNRT was significantly shorter than in the Wt. It is conceivable that fibrosis in the RA working myocardium caused some degree of entrance block into the sinus node during atrial pacing, thereby decreasing the extent of overdrive suppression of the sinoatrial (SA) node. 19 The SA nodal pacemaking process itself is not necessarily affected in Tx mice, as reflected by the lack of difference in SCL between Wt and Tx.
A decrease in effective refractory period (ERP) is generally thought to be proarrhythmic for AF. 20 However, both in open chest studies and in Langendorff perfused mouse hearts, the ERP did not differ significantly between Wt and Tx atria and did not exhibit cycle length dependence in the range of BCLs tested. As a crude measure, this lack of difference suggests that the action potential duration of atrial myocytes is not altered by overexpression of TBF-␤1. This is further substantiated by microelectrode recordings, which did not show any differences between the Tx and Wt mice.
In the Tx RA, CV was significantly decreased compared with Wt. By contrast, CV in the Tx LA was not significantly different from Wt. However, in the Tx LA, conduction is more heterogeneous than in the Wt LA, as apparent from activation maps and as quantified from phase maps. Analysis of phase maps did not show a significant increase in the Tx RA compared with the Wt RA. In addition, fragmented electrograms were frequently observed in the Tx LA, but not in the Tx RA. The level of fibrosis is highly increased in the Tx LA (30% of the tissue area versus 11% for the Wt LA) and even more in the Tx RA (50% versus 13% for the Wt RA). It is conceivable that the differential effect of increased fibrosis between the LA and RA reflects differences in tissue organization in the LA and RA recording areas, where the increased fibrosis in the Tx may have unmasked underlying heterogeneity in fiber orientation.
The multiple wavelet theory 20 has been widely accepted as an explanation for the mechanism of AF sustenance. According to this theory, fibrillation requires several reentrant wavelets to coexist where the wavelength (WL) of 1 reentrant wavelet is the product of ERP and CV. However, in this view, fibrillation in hearts smaller than a "critical mass" would not be possible. 21, 22 It was recently reported that the mouse ventricle is able to sustain fibrillation, although its WL (15 to 30 mm) should not allow multiple wavelets to coexist. 23 In the present study, WL in the LA and RA of both Wt and Tx was Ϸ15 mm. The length of normal mouse atria from the tip of the appendage to back of the atrium measures Ϸ3 mm and Tx mice did not show atrial dilatation. If the atria in the Tx mouse were a homogeneous substrate, it could probably not accommodate Ͼ1 reentrant wavelet. However, the increased interstitial fibrosis makes the Tx atria a structurally heterogeneous substrate. Both for canine atrial preparation and computer models, Spach et al have demonstrated that structural changes in the atrial myocardium during aging, which include increased interstitial (micro)fibrosis and its concomitant decrease in side-to-side electrical coupling, can cause a shift from uniform anisotropy to nonuniform anisotropy in atrial conduction. 9, 24 In nonuniformly anisotropic tissue, slow and heterogeneous conduction may be observed during transverse propagation in the absence of variations in intrinsic membrane properties, making it possible for reentry to occur in relatively small circuits. 8 Therefore, interstitial fibrosis observed in the Tx mouse could make AF possible in a tissue area much smaller than would be expected based on wavelength or "critical mass" considerations.
The rapid atrial pacing model of AF, generally considered to be a animal model for "lone AF" or AF without underlying heart disease in humans, does not display increased fibrosis. 4, 25 However, increased fibrosis was observed in atrial biopsies from patients with "lone AF" diagnosed. 10, 26 Other animal models, more representative for AF with underlying heart disease, have increased atrial fibrosis. For rat and dog models of aging, increased fibrosis in both atria was observed. 2, 3 In a dog model of CHF 4 and of atrial dilatation caused by mitral regurgitation, 7 atrial interstitial fibrosis was increased in the LA. For all these models, an increased vulnerability for AF has been reported. In the canine CHF model, Li et al have correlated the presence of atrial fibrosis to increased conduction heterogeneity 4 and have shown that enalapril reduces CHF-induced fibrosis, 27 conduction heterogeneity, and AF stability. Moreover, recent studies have demonstrated that after reversal of CHF in dogs, CHFinduced alterations in cellular electrophysiology disappear, 28 but atrial fibrosis, increased conduction heterogeneity, and the substrate for AF remain. 29 Together, the reports indicate that atrial fibrosis is common in animal models of AF and in patients with AF. However, many of these models have compounding factors that can contribute to AF substrate formation. Canine models of aging and CHF display changes in atrial cellular electrophysiology. 3, 30 In human patients with "lone AF," other histological abnormalities including cellular hypertrophy, myocarditis, and necrosis have been reported. 10, 26 The Tx mouse in this study does not show inflammation, necrosis, cellular hypertrophy, or other histological changes, and, based on the lack of difference in microelectrode recordings and in ERP, it does not appear to have altered action potential duration.
The increased AF inducibility in this model of atrial fibrosis suggests that atrial fibrosis in itself can be sufficient to form a substrate for AF. This indicates that atrial fibrosis can be an important contributor to the AF substrate in other animal models and would be a significant predictor for AF vulnerability in patients with pronounced atrial interstitial fibrosis, even in the absence of other proarrhythmic factors.
Even with the small size of the mouse atria, this transgenic mouse will allow further investigation of the genesis and maintenance of AF. As was recently demonstrated in this model, intracellular calcium transients can be measured in individual atrial myocytes within perfused hearts. 31 With this method, the AF substrate in this model could be studied at a very high level of detail.
Limitations of This Study
It is conceivable that overexpression of TGF-␤1 causes changes in cellular electrophysiology of atrial myocytes. However, the lack of alteration in ERP and the lack of differences in action potentials recorded by microelectrodes suggest that there are no major primary cellular electrophysiological effects of TGF-␤1. However, we cannot exclude the presence of more subtle alterations in cellular electrophysiology, which could conceivably contribute to AF vulnerability.
Conclusions
In a transgenic mouse of selective atrial fibrosis, vulnerability to AF is increased in the absence of a change in atrial ERP. In this model, alterations in atrial myocardial structure lead to increased conduction heterogeneity in the LA and a decrease in CV in the RA. This study indicates that the alterations in atrial conduction produced by atrial interstitial fibrosis alone are sufficient to produce a substrate for AF, even in the relatively small mouse atrium. Both Cx40 and Cx43 were expressed atrial myocytes of Wt mice. Expression levels of remaining myocytes in Tx mice were comparable to that in Wt myocytes. Therefore, we do not expect an intrinsic alteration in connexin expression to be a causative factor in the conduction abnormalities which were observed in the Tx. However, in areas where myocytes are physically separated by fibrous tissue, electrical coupling does not occur. In the Tx LA and RA, fibrosis is strongly increased, which could lead to increased tortuosity of conduction pathways.
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